Magnetoencephalography (MEG) is considered a useful tool for planning electrode placement for chronic intracranial subdural electrocorticography (ECoG) in candidates for epilepsy surgery or even as a substitute for ECoG. MEG recordings are usually interictal and therefore, at best, reflect the interictal ECoG. To estimate the clinical value of MEG, it is important to know how well interictal MEG reflects interictal activity in the ECoG. From 1998 to 2008, 38 candidates for ECoG underwent a 151-channel MEG recording and 3D magnetic resonance imaging as a part of their presurgical evaluation. Interictal MEG spikes were identified, clustered, averaged and modelled using the multiple signal classification algorithm and co-registered to magnetic resonance imaging. ECoG was continuously recorded with electrode grids and strips for $1 week. In a representative sample of awake interictal ECoG, interictal spikes were identified and averaged. The different spikes were characterized and quantified using a combined amplitude and synchronous surface-area measure. The ECoG spikes were ranked according to this measure and plotted on the magnetic resonance imaging surface rendering. Interictal spikes in MEG and ECoG were allocated to a predefined anatomical brain region and an association analysis was performed. All interictal MEG spikes were associated with an interictal ECoG spike. Overall, 56% of all interictal ECoG spikes had an interictal MEG counterpart. The association between the two was 590% in the interhemispheric and frontal orbital region, $75% in the superior frontal, central and lateral temporal regions, but only $25% in the mesial temporal region. MEG is a reliable indicator of the presence of interictal ECoG spikes and can be used to plan intracranial electrode placements. However, a substantial number of interictal ECoG spikes are not detected by MEG, and therefore MEG cannot be considered a substitute for ECoG.
Introduction
The inability to localize the epileptogenic zone precisely limits the decision-making for epilepsy surgery (Berg et al., 2003; Snead, 2001b; Pataraia et al., 2002 Pataraia et al., , 2004 Pataraia et al., , 2005 Pataraia et al., , 2008 Barkley and Baumgartner, 2003; Leijten et al., 2003; Holowka et al., 2004; Fischer et al., 2005; Iwasaki et al., 2005; Baumgartner and Pataraia, 2006; Oishi et al., 2006; Mohamed et al., 2007; Ossenblok et al., 2007; Paulini et al., 2007; Ramachandran Nair et al., 2007; Knowlton, 2008c; Knowlton et al., 2008b) . Indeed, some authors have even suggested MEG source imaging as a non-invasive substitute for chronic intracranial EEG monitoring (Ishibashi et al., 1998; Wheless et al., 1999; Eliashiv et al., 2002; Assaf et al., 2004; Barkley, 2004; Papanicolaou et al., 2005; Knowlton et al., 2006; Ochi and Otsubo, 2008) .
MEG measures the magnetic field dynamics of brain electrical activity and provides information about the activity of populations of neurons in the cerebral cortex. MEG detects magnetic fields that are generated by neuronal currents that are oriented tangentially to the skull. In contrast to EEG, the modelling of MEG does not require assumptions about the conductivity and geometry of the skull (Cuffin, 1993; Merlet, 2001; Huiskamp, 2004) . MEG sensors are fixed in a recording helmet and can record from 150 to 300 channels simultaneously with a precision that is difficult to obtain with EEG. Therefore, MEG in combination with source modelling techniques may improve non-invasive localization of the interictal spikes in the presurgical evaluation of refractory focal epilepsy (Lopes da Silva, 2005; Knowlton et al., 2008a) . MEG is not suitable for chronic recordings. Thus, MEG recordings typically provide interictal but rarely ictal data, usually distorted by movement (Shiraishi et al., 2001; Tilz et al., 2002; Assaf et al., 2003; Amo et al., 2004 Amo et al., , 2005 Yoshinaga et al., 2004) .
Interictal activity plays an important role in the diagnosis of epilepsy, and the interictally active irritative zone helps to delineate the epileptogenic zone and to guide decisions on the extent of the resection in focal epilepsy surgery (Alarcon et al., 1994 (Alarcon et al., , 1997 Emerson et al., 1995; Fernandez-Torre et al., 1999; Rosenow and Luders, 2001; Asano et al., 2003; Binnie, 2003; Ray et al., 2007; Tao et al., 2007) . The gold standard for such delineation is chronic intracranial EEG, by which electrodes are placed directly into the brain (stereo-EEG) and/or over the subdural surface of the brain (electrocorticography, ECoG). When used for chronic monitoring, it is assumed that intracranial EEG records the full scope of both interictal and ictal brain activity in an individual.
MEG has been evaluated as a non-invasive clinical tool in the work-up for epilepsy surgery in comparison with different gold standards, such as ictal onset zone in ECoG (Holowka et al., 2004) , interictal activity in stereo-EEG (Schwartz et al., 2003) , overlap with lesions on MRI , video-EEG (Pataraia et al., 2004) , SPECT (Kamimura et al., 2006) , resected areas (Stefan et al., 2003; Paulini et al., 2007) and post-operative outcome (RamachandranNair et al., 2007) . These studies suffer from several limitations. The relationship between interictal and ictal activity is complex and the localizing value of low-resolution scalp EEG or ictal SPECT is limited. Cortical sampling by stereo-EEG is sparse. Resections are not only determined by epileptogenic zone delineation, but also by functional (from localization of eloquent cortex) and surgical considerations. Most of these studies failed to exploit available technical possibilities for source imaging analysis (Leijten and Huiskamp, 2008) .
We therefore propose that the most direct and fairest way to evaluate interictal magnetic source imaging is to correlate results with those for interictal ECoG. This avoids interpretation problems and the practical limitations of other gold standards. Simultaneous ECoG and MEG recordings may seem ideal (Mikuni et al., 1997; Sutherling et al., 2001; Oishi et al., 2002; Shigeto et al., 2002) , but are cumbersome and not without risk. The patient with intracranial subdural electrodes needs to be transported, MEG recordings are susceptible to electromagnetic interference (Santiuste et al., 2008) and recordings are necessarily short. However, it may not be necessary to carry out the recordings simultaneously if we assume that chronic ECoG records all interictal activity and that MEG dipole modelling has a high spatial accuracy (Leahy et al., 1998; de Munck et al., 2001; Kirsch et al., 2007) . By spatially co-localizing activity, we can correlate ECoG and MEG interictal spikes that have been measured independently and which most probably reflect identical phenomena.
By studying the association between interictal MEG and chronic interictal ECoG findings, we hope to answer the basic question whether interictal MEG source localization using standard analysis techniques (Leijten and Huiskamp, 2008) can properly reflect the interictal spikes as found in ECoG. Such knowledge is essential to establish whether MEG can be used to determine intracranial electrode placements and, perhaps, obviate the need for chronic intracranial EEG.
Methods

Patients
From 1998 to 2008, we studied 38 consecutive patients suffering from refractory focal epilepsy who were considered candidates for chronic intracranial EEG monitoring (which is always ECoG in this study). During the presurgical workup a MEG and MRI (dedicated epilepsy protocol for MRI; Meiners, 2002) were performed. All the results of the non-invasive presurgical work-up, including MEG, were available for decision-making of implantation strategies. All patients were treated in the University Medical Centre in Utrecht, as part of the national Collaborative Dutch Epilepsy Surgery Program. The study was approved by the Medical Ethics Committee of the hospital. Informed consent for the study was obtained from all participants.
MRI
We used various and different preoperative whole-head highresolution 3D T1 MRI sequences at 1.5 and 3 T (Philips Achieva, Best, The Netherlands), all of them allowing accurate segmentation of the cortical grey matter at a resolution of 1.5 mm.
MEG
A 151-channel whole-head MEG (Omega 151; CTF Systems, Inc., Port Coquitlam, British Columbia, Canada) was recorded. The MEG system consisted of axial gradiometers distributed in a helmet-shaped array inside the liquid helium dewar. The recordings were performed in a three-layer magnetically shielded room (Vacuumschmeltze GmbH, Hanau, Germany) at the MEG Centre of the VU Medical Centre in Amsterdam. The patient's head was placed as far in the MEG helmet as possible, and the patient was constantly monitored by video-audio contact and instructed to rest, but not to sleep. Spontaneous activity was recorded at a sampling rate of 625 or 1250 Hz and with 32-bit resolution. Anti-aliasing filters (208 or 416 Hz) were used, respectively. A recording session typically took 2 h and datasets of 10-15 min were recorded, until 60-90 min of MEG data had been obtained. Before and after each acquisition, head position was measured by recording magnetic fields evoked in coils fixed on the nasion and bilateral preauricular sites. The recording set was discarded, if the head position before and after a measurement differed by 45 mm. In addition, head-shape information was acquired by marking up to 100 anatomic landmarks on the skull using a fourth coil (de Munck et al., 2001 ) for more accurate MRI co-registration.
MEG spike identification
Two clinical neurophysiologists independently reviewed interictal transients in MEG datasets, using a fixed subset of 45 out of 151 channels, equally distributed over the whole head, along with the electrocardiogram. A previous study (Boere and Huiskamp, unpublished results) showed that this subset of MEG channels allowed proper identification of interictal spikes as well as all 151 channels. High-and low-pass filters were set at 0.7 and 70 Hz, respectively. One to 1.5 h of interictal MEG data was analysed for each patient.
Kappa-statistics were calculated between the interictal epileptiform transients marked by the two independent observers (ACvH-ZA-A) for all MEG recordings. MEG recordings for which there was sufficient agreement (interobserver 40.4) were accepted. For these, the consensus interictal epileptiform transients were then defined as interictal epileptiform spikes and used for magnetic source modelling. Spatiotemporal segregation of interictal epileptiform spikes was performed by application of an automated clustering algorithm (van't Ent et al., 2003) . Spikes from each cluster were averaged and tested for homogeneity by plotting the averaged spikes and their standard deviations. Clusters for which the standard deviation was larger than one-third of the spike maximum were rejected, since modelling would have led to spurious results. Clusters of spikes that were part of physiological rhythms and clusters that were localized in an area not covered by intracranial electrodes (e.g. those in the contralateral hemisphere) were discarded.
MEG spike modelling
The averaged clusters of spikes were modelled using CURRY 3.0 software (Philips Medical Systems, Hamburg, Germany). A sphere fitted to the skull surface, as extracted from MRI, was used as the forward model. MRI anatomical landmarks were matched to those recorded during the MEG session. The interval from the beginning of the rising slope of the spike to the spike maximum, a standard approach, was used for a MUSIC analysis (Leijten and Huiskamp, 2008) . Principal component analysis determined the separation between noise and signal subspaces. Points on the cortical surface with an average distance of 3 mm were used for scanning. Locations for which the resulting MUSIC metric exceed two-third of the overall maximum were displayed on a cortical rendering from MRI.
Chronic ECoG
ECoG was performed with subdural electrodes (Ad-Tech, Racine, WI, USA and Brain-Electronics, Houten, The Netherlands) that had been introduced through a craniotomy, up to 80-120 electrodes per patient.
Interelectrode distance was 1 cm. Subdural grids and strips consisted of platinum or stainless electrodes with a 4 mm contact surface, embedded in silicone. An extracranial reference on the contralateral mastoid was used. Data were acquired at a sampling rate of 400 or 512 Hz at a resolution of 12 or 16 bits. Appropriate anti-aliasing filters and a hardware high-pass filter of 0.16 Hz were used. ECoG was continuously recorded 24 h a day for an average of 7 (range: 3-10) days. The electrodes were localized and visualized by comparing digital photographs during and after implantation and by a post-implantation CT scan that was matched to a MRI volume acquired pre-operatively (Noordmans et al., 2001) . The electrode positions from various viewpoints were projected on the cortical rendering of the MRI.
ECoG spike characterization
For each patient, two clinical neurophysiologists selected up to 60 min of representative samples of awake interictal ECoG spikes, including all the different interictal ECoG spikes observed during the recording period. These representative interictal ECoG data were analysed by consensus. Data were re-referenced to an indifferent intracranial electrode for review. High-and low-pass filters were set to 0.53 and 70 Hz. The different spikes were identified and averaged in the interictal ECoG data set. For each averaged ECoG spike, we calculated a combined amplitude and synchronous surface-area measure. For scalp and intracranial EEG the relevance of taking synchronous surface-area into consideration has been emphasized by several authors (Alarcon et al., 1994; Mikuni et al., 1997; Oishi et al., 2002; Shigeto et al., 2002; Tao et al., 2005 Tao et al., , 2007 , because compound EEG/MEG activity can be considered as the sum of multiple potential fields generated in a synchronously activated surface-area. For each ECoG, 2 s of representative background activity in the resting awake condition, containing no interictal spikes, was selected and the root mean square amplitude of this background ECoG (RMS_bg) was computed to establish an overall background. Then, for each averaged spike, an interval of 200 ms (Alarcon et al., 1994 (Alarcon et al., , 1996 was chosen, centred on the time of the maximum from which they were originally identified. The root mean square amplitude of the spike (RMS_spike) for that interval was determined for each electrode. A baseline interval of 100 ms before the start of the spike was chosen, and the root mean square value of that baseline (RMS_base) was computed for each electrode. Electrodes for which the RMS_spike exceeded the criteria of twice the overall RMS_bg ECoG and twice the root mean square value of the baseline for that electrode were marked and the RMS_spike values were integrated to form a single value (RMS_int). This value represents both the amplitude and the extent of the potential distribution associated with the spike. Relating this value to the overall background ensured that each individual spike would be detectable, whereas the comparison with the baseline for each electrode indicated whether the spatial extent of the averaged spike could be estimated reliably. Thus, the RMS_int value was used to rank each interictal ECoG spike (from highest to lowest value). Only spikes where at least one of the electrodes met the background criteria were ranked and plotted on the CT-MRI rendering by marking each electrode that met these criteria ( Fig. 1.1 ).
Brain anatomical regions
Anatomical landmarks, such as the central sulcus, the Sylvian fissure and the parieto-occipital sulcus and electro-cortical stimulation function mapping results were used to define specific anatomical cortical brain regions, in the neurosurgical sense. The temporal lobe was divided into a lateral and a mesial region, the latter including the amygdala, the hippocampus, the para-hippocampal gyrus and the temporobasal area. The frontal lobe was divided into a fronto-orbital region and the inferior, medial and superior frontal gyri. The interhemispheric region consisted of the mesial part of the frontal, parietal and occipital lobes. The central region consisted of the two gyri lining the central sulcus. The parietal region consisted of the superior and inferior lobules and the parietal parts of the supramarginal and angular gyri. The occipital region consisted in the convexity and posterior part of the occipital lobe.
Association method
A neuroimaging specialist and two clinical neurophysiologists allocated each interictal MEG cluster of spikes and each interictal ECoG spike independently to its predefined anatomical region. Then, the region to which each interictal ECoG spike was allocated to, was associated with that of each interictal MEG cluster of spikes. ECoG spike distribution may be complex and involve more than one region, even in a non-continuous way. Therefore, we first determined whether the interictal MEG clusters of spikes were associated with any region of the interictal ECoG spike and then we selected and defined the specific anatomical region that the interictal ECoG and interictal MEG had in common: the anatomical region of match (AROM) ( Fig. 1.2 ). In this way, an AROM could contain several types of interictal ECoG spikes associated with one interictal MEG source localization.
Results
From our database containing the chronic intracranial EEG recordings of 38 consecutive patients, two ECoG datasets did not contain at least 60 min of representative recordings and so the data of 36 patients were included in our study. Their clinical characteristics are shown in Table 1 .
MEG results
In 33 of the 36 patients (92%), the agreement between the two observers who scored the epileptiform transients was good (40.4) and the consensus epileptiform transients were defined as interictal epileptiform spikes. After clustering and re-evaluation by the two observers, nine spike clusters were discarded as physiological alpha and mu rhythms. Five clusters were localized in areas not covered by electrodes in ECoG and were therefore left out of the analysis (note that these patients did also have MEG cluster of spikes in the implanted area). In total, 51 averaged clusters of spikes were modelled using the MUSIC algorithm and co-registered to a MRI cortical rendering using CURRY software. The number of the interictal epileptiform transients, consensus spikes, kappa value, and their source localization is shown in Table 2 .
For the remaining three patients (5, 21 and 36), the lack of agreement between the two observers (50.4) meant that spikes could not be detected reliably with MEG. Nevertheless, their ECoG datasets were analysed. In Patient 5, all interictal ECoG spikes arose in the inferior basal frontal region. In Patient 21, these spikes had a mesial temporal distribution. In Patient 36, the interictal activity arose in the pericentral region. In total, 13 different spikes were identified but none met the criteria of exceeding two-thirds of the background. 2) This is also an example of a complex interictal ECoG spike that involves different regions in the brain, i.e. temporal (T) and frontal (F). An interictal MEG cluster of spikes is indicated by the purple area, so in this case the interictal ECoG counterpart of the MEG is in both regions (F and T) whereas the anatomical region of match (AROM) would be in the temporal lateral region.
ECoG results
The representative interictal ECoG activity of 36 patients was analysed, yielding 363 different spikes. After spikes were averaged and characterized according to the RMS_spike measure, 221 different ECoG spikes (61%) met the criteria for ranking and were assigned an RMS_int. The marked electrodes of the ranked spikes were plotted on the CT-MRI rendering with the electrode positions. The number of interictal ECoG spikes and their locations are shown in Table 2 .
Association between interictal ECoG and interictal MEG
All 51 modelled interictal MEG clusters of spikes were associated with at least one interictal ECoG spike. Moreover, all interictal MEG clusters of spikes were associated with interictal ECoG spikes ranked 1, 2 or 3 (the highest in RMS_int value). There were no interictal MEG spikes in the area covered by intracranial electrodes that were not associated with interictal ECoG spikes. Of the 221 interictal ECoG spikes, 124 (56%) were associated with a MEG MUSIC result and were considered interictal ECoG-MEG spikes. The 97 (44%) remaining ECoG spikes were not associated with a MEG MUSIC result (Fig. 2) . Of the interictal ECoG spikes arising in the orbitofrontal region, 100% were associated with an interictal MEG result, as were 90% of the spikes arising in the interhemispheric region, 75% of the spikes arising in the lateral temporal, frontal superior gyrus and pericentral region, and 27% of the spikes arising in the mesial temporal region. Interestingly, the AROM for the interictal ECoG-MEG associates was 40% in the orbitofrontal region, 80% in the interhemispheric and pericentral region, 90% in the lateral temporal region, 60% in the superior frontal gyrus and 0% in the mesial temporal region.
In the mesial temporal region, for instance in Patients 18 and 19, whose ECoG spike had the highest amplitude in the hippocampus, an equivalent cluster of spikes was not seen by MEG in this region, but on the lateral temporal region, which was also Lobe: F = frontal; C = central; T = temporal; P = parietal; O = occipital; IH = interhemispheric. Side: L = left; R = right. Note that Patients 5, 21 and 36 were left out the study due to a low kappa value in MEG data sets. Note that Patients 9 and 27 were excluded from the study due to not sufficient representative samples of awake interictal ECoG (at least 60 min).
involved in this complex spike. In the interhemispheric region, just five (10%) of the ECoG spikes did not have an interictal MEG counterpart. This occurred in a temporal lobe epilepsy patient (28) and in a frontal lobe epilepsy patient (6). In the first patient, the interhemispheric spikes showed an inferior posterior parietal distribution. In the second patient, the main interictal activity was localized in the inferior basal frontal area. The ranking and number of interictal ECoG spikes with and without interictal MEG clusters of spikes counterparts are shown in Table 3 . Interictal ECoG-MEG spikes and interictal ECoG-MEG counterpart AROM are shown in Table 4 .
Discussion Main findings
While not all interictal ECoG spikes were detected by MEG, all interictal MEG clusters of spikes were detected by interictal ECoG. As expected, interictal MEG is a non-invasive derivative of interictal ECoG activity. Potential factors that determine whether an interictal ECoG spike is reflected in interictal MEG are its frequency of occurrence, location (and associated orientation), amplitude and synchronous surface-area. We mainly , interictal ECoG spike ranked first (red) and third (blue, left) with an interictal MEG counterpart, C3 (magenta, top) and the second ranked (green) and third ranked (blue, left) with an interictal MEG counterpart, C2 (magenta, bottom). So, the third ranked interictal ECoG spike does have two interictal MEG counterparts, C3 and C2 (magenta, top and bottom). address the latter three aspects, emphasizing the paramount importance of the location of the ECoG spike in determining the sensitivity of MEG.
Localization and recommendations for MEG
In the lateral temporal lobe, almost 75% of the interictal ECoG spikes had an interictal MEG counterpart. Of these interictal ECoG-MEG counterparts, 90% had an AROM with the interictal MEG cluster of spikes ( Fig. 2A) . Thus, in lateral temporal epilepsy MEG would appear to be a useful tool and should be considered in the presurgical work-up to localize sources and for planning intracranial electrode placement.
The mesial temporal region, with the hippocampus and its surrounding area, has a folded geometry and is at some distance away from the skull. Only 27.5% of the interictal ECoG spikes arising in the mesial temporal region had an interictal MEG counterpart, and none showed an AROM with the interictal MEG cluster of spikes, even when they were ranked first. Our results agree with those of other studies showing the difficulty of localizing epileptogenic sources arising from the mesial temporal lobe using MEG (Mikuni et al., 1997; Oishi et al., 2002; Leijten et al., 2003) . Some centres using MEG magnetometers instead of gradiometers, claim better interictal spike detection in patients with mesial temporal lobe epilepsy (Enatsu et al., 2008) . We conclude that MEG is limited and probably not useful for evaluating mesial temporal involvement in focal epilepsy, neither for source localization, nor for planning of intracranial electrode placement.
The interhemispheric region is a large area comprising the mesial surface of the frontal, parietal and occipital lobes, most of which is oriented tangentially to the skull. It is difficult to place subdural electrodes in this area. Craniotomies do not reach or cross the midline due to the presence of the sagittal sinus and the parasagittal venous network. Interhemispheric electrode placement therefore carries the risk of venous bleeding. Of the interictal ECoG spikes arising in the interhemispheric region, almost all (89%) showed an interictal MEG counterpart and, of these, 80% had an AROM with the interictal MEG (Fig. 2B ). This may be explained by the fact that MEG is maximally sensitive to neuronal currents that are oriented tangentially to the skull. Just five (11%) of the ECoG spikes did not have an interictal MEG counterpart. Thus for epilepsy patients with a suspected interhemispheric epileptogenic zone, MEG would appear to be a very sensitive and specific tool in the presurgical work-up. Interictal spike clusters on MEG suggestive of an interhemispheric epileptogenic zone should lead to evaluation of that area with intracranial EEG study. The superior frontal gyrus is delimited by the medial frontal gyrus, the interhemispheric frontal region and the precentral gyrus. Within the frontal superior gyrus, almost 75% of the interictal ECoG spikes had an interictal MEG counterpart. Of these, 59% had an AROM with the interictal MEG cluster of spikes. This high correlation can be explained by the large surface area of the frontal superior gyrus. Thus, MEG would appear to be a reliable tool for frontal lobe epilepsy with a suspected superior frontal source and should be considered for source localization and planning of the intracranial electrode placement.
The pericentral region is divided into the pre-and post-central gyrus, which are responsible for motor and sensory functions, respectively. Curative epilepsy surgery is not always possible in this region, but palliative epilepsy surgery is sometimes performed. Of the 42 interictal ECoG spikes in the pericentral region, 76% had an interictal MEG counterpart and 78% an AROM with the interictal MEG source (Fig. 2C) . Thus, MEG can be used to localize sources and for planning electrode placements in patients with an epileptogenic zone in the pericentral region.
All of the interictal ECoG spikes arising in the orbitofrontal region had an interictal MEG counterpart, as did 50% of the spikes arising in the occipital lobe, and 71% of the spikes arising in the parietal lobe. However, the paucity of interictal ECoG spikes in these regions makes it unwise to make a recommendation about MEG in these cases.
Magnetoencephalography and recommendations for clinicians
The sensitivity and specificity of interictal MEG were best in the interhemispheric and orbitofrontal regions, regions in which the sensitivity and specificity of scalp EEG are low. Thus, clinicians should take advantage of this non-invasive clinical tool and use MEG in the presurgical work-up, for source location and planning of intracranial electrode placement for a suspected epileptogenic zone in these two regions.
Temporal lobe epilepsy is the most common type of focal epilepsy. In our population of epilepsy surgery candidates, it is $70%. Our findings suggest that interictal MEG is a useful clinical tool in the lateral temporal region but not in the mesial temporal region, which means that its use for temporal lobe epilepsy is limited.
Implications for magnetic source imaging
Interictal epileptiform activity is complex (Alarcon et al., 1994) , and in our study 28% of the ECoG spikes were not confined to one area (Fig. 2B and C, left images) . When applying sophisticated dipole models for magnetic source imaging, as we did, results are reliable but reflect only part of the complex distribution of these spikes. This raises the question whether other types of modelling would be more appropriate; for example, beamformers or distributed source models. The latter approach could be used with simultaneous high-resolution EEG to restrict the number of admissible solutions, as we have shown earlier (Leijten et al., 2003) . Future research will address this important question.
Technical remarks
Our study had some limitations. Whole brain ECoG is not possible, and neither are simultaneous long-term ECoG and MEG recordings. We did not attempt short-term simultaneous ECoG-MEG recording because our goal was to associate interictal ECoG and interictal MEG as performed clinically in presurgical evaluations. We compared the two by spatial co-localization and characterization and quantification of the interictal ECoG spikes using an amplitude and synchronous surface-area measure. The entire (usually a week-long) ECoG recording was our gold standard. We assumed that this would ensure that all interictal spikes from the area covered by subdural electrodes would be represented in the ECoG. In this way, a co-localizing interictal MEG source could be considered to represent the same phenomenon.
The time sample for the interictal MEG and the interictal ECoG datasets was different, and it is possible that repeated MEG recordings might have provided a more complete picture of the interictal spikes. This aspect has not yet been studied in any detail. However, we used relatively long MEG recordings compared with those used by other authors (Mikuni et al., 1997; Oishi et al., 2002; Pataraia et al., 2004; Iwasaki et al., 2005; Mohamed et al., 2007; RamachandranNair et al., 2007) . The frequency of occurrence of interictal spikes contributes to the odds that a MEG counterpart of an ECoG spike will be captured. Moreover, the more frequent the interictal spike, the higher the signal-to-noise ratio after averaging and the more reliable the results of magnetic source imaging.
Kappa statistics were used to reduce the impact of misinterpretation of interictal activity in the MEG datasets, as described in an earlier paper (Zijlmans et al., 2002; Leijten et al., 2003) . This approach ensures that the analysed interictal datasets contain real and unequivocal interictal activity, allowing source modelling with a good signal-to-noise ratio.
The orientation of the presumed source was not specifically analysed as there is currently no reliable way to model ECoG in terms of dipoles. We characterized ECoG spikes and quantified our interictal ECoG data (but not select it) by using a combined amplitude and synchronous surface-area measure, taking individual background activity into consideration. Thus, we tried to establish a reproducible individualized measure for all the patients. Using this approach, we discarded some of the interictal spikes, in fact all the interictal spikes not exceeding two-third of the background, to create a minimum signal-to-noise ratio. All interictal MEG clusters of spikes were associated with interictal ECoG spikes ranked highest (first, second or third). This shows that synchronous surfacearea is indeed an important criterion when determining whether cortical spikes have an interictal MEG counterpart, as others also have shown for EEG (Tao et al., 2005 .
Some interictal ECoG spikes (39%) did not meet the ranking criteria since they were not detectable when relating them to the background and the spikes' spatial extent could not be determined reliably and were therefore discarded. Of these, 50% arose in the mesial temporal region, 29% in the parietal region, 14% in the frontal inferior and 7% in the occipital region. Of the discarded interictal spikes, some had ranked spikes in the same region, but in none of the cases was there an AROM with interictal MEG spikes. Thus, including discarded interictal ECoG spikes would only marginally have changed our results.
Of the unassociated interictal ECoG spikes, 28% were ranked first, second or third ( Fig. 2A and B) . These ECoG spikes were allocated mainly in the mesial temporal region (73%) and rarely interhemispherically (11%); 70% of these unassociated ECoG spikes were ranked from third to seventh position.
Three interictal MEG datasets (8%) were discarded because of the low agreement (50.4) between the two observers. We did however analyse the interictal ECoG in these patients. In all cases, there were plausible arguments for MEG not revealing these interictal ECoG spikes.
Future directions
Our comparison of interictal MEG with interictal ECoG is a first step towards the clinical evaluation of magnetic source imaging as a tool for delineation of the epileptogenic zone in epilepsy surgery. A next step should be to compare interictal ECoG (focal and complex interictal spikes and the AROM), and associated interictal MEG, with ictal ECoG and other investigations, such as MRI, SPECT and PET. The same type of analyses could also be used with high-resolution EEG, which is more difficult to model than MEG, or to simultaneous interictal EEG-MEG.
Clinical conclusions
Interictal ECoG spikes arising within the cortex can have interictal MEG counterparts, depending on their localization, amplitude and synchronous surface-area. MEG is sensitive to interictal spikes that have their greatest amplitude and largest in synchronous surface-area in the interhemispheric region, the orbitofrontal region, the frontal superior gyrus, the pericentral and the temporal lateral region. We recommend the use of MEG for suspected sources in these areas, especially as part of the presurgical workup and for planning intracranial subdural electrode placement. However, traditional MEG failed to detect spikes in the mesial temporal region, which limits its use in clinical decision-making regarding temporal lobe epilepsy. Our findings suggest that MEG is not likely to obviate the need for chronic intracranial EEG monitoring.
